Scholars' Mine
Masters Theses

Student Theses and Dissertations

1963

The electrochemical degradation of alkyl benzene sulfonate.
Melvin David Rickard

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses
Part of the Civil Engineering Commons

Department:
Recommended Citation
Rickard, Melvin David, "The electrochemical degradation of alkyl benzene sulfonate." (1963). Masters
Theses. 2881.
https://scholarsmine.mst.edu/masters_theses/2881

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

THE ELECTROCHEMICAL DEGRADATION
OF ALKYL BENZENE SULFONATES
BY
MELVIN DAVID RICKARD
A
THESIS
submitted to the faculty of the

SCHOOL OF MINES AND METALLURGY OF THE UNIVERSITY OF MISSOURI
in partial fulfillment of the requirements for the
Degree of

MASTER OF SCIENCE IN CIVIL ENGINEERING
Rolla, Missouri
1963

Approved by

ABSTRACT
The ever increasing use of nonbiodegradable synthetic detergents,
mainly the alkyl benzene sulfonates, has created difficulties in water
and wastewater treatment, and in stream pollution.

Although considerable

attention has been given to this problem, no solution has been developed
which can be effectively employed in the abatement of detergent pollution.
The purpose of this investigation .was to determine the feasibility
of the use of direct current electrochemical degradation in the removal
of alkyl benzene sulfonates (ABS) from water.

The rate and degree of

completion of the electrochemical reactions were determined, and the
nature of the end products formed was

investigated.

The studies were

conducted at a current density of 0.5 milliamperes per centimeter square,
in a fill and draw treatment unit equipped with iron electrodes, using
initial ABS concentrations of 10 and 25 mg/1.

The effects of the pre

sence of dissolved minerals were also determined.
Significant reductions in both the ABS concentration and the
chemical oxygen demand (COD) of the water systems were obtained, with
infrared and iron analyses showing that precipitation of the ABS was
occurring as a result of electrochemical oxidation.

Increased ABS and

COD removals resulted upon clarification of the samples, which was be
lieved to indicate that additional ABS was being removed by adsorption
onto the insoluble material formed.
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INTRODUCTION

In the past 15 years, the advent of a new group of products has
caused a major change in the type of domestic and industrial cleaning
agents used.

According to the Association of Soap and Detergent Manu

facturers (1), these products, which are known as synthetic detergents,
represented 63 per cent of the combined soap and synthetic detergent sales
in the United States in 1960.

While both soap and the synthetics act as

detergents, the latter are classed separately because, unlike soap, they
are not products of the saponification of natural fats.

A.

USE OF SYNTHETIC DETERGENTS
The cleaning action of synthetic detergents, or syndets as they

have been called, is basically t he same as soap, however, there are
important differences which to a great extent account for the increase
in popularity of the former.
When soap is placed in hard water it r eacts with the hardness
causing calcium and magnesium cations forming an insoluble curd which may
be deposited on clothing during the washing process.

Syndets, on the

other hand, form soluble salts upon reaction with these same ions.

This

advantage appeared so great at first that it was believed that the wide
spread use of synthetic detergents would virtually eliminate the problems
associated with hard water.

This hope has not been fully realized how

ever, because it has been found that hardness acts as an interference in
the cleaning process even when syndets are used (2).

This interference

has been, in part, eliminated by the addition to the commercial synthetic
detergent formulations of polyphosphates which act as sequestering or
wetting agents.

In fact, most of the products on the market today contain
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only 20 to 35 per cent surface active agents (surfactants), the remainder
being detergent aids or "builders" and inert fillers (3) .

B•

DETERGENT POLLUTION AND ABATEMENT
Synthetic detergents have been known to cause difficulties in all

three phases of water supply and wastewater disposal, that is, stream
pollution, water treatment, and sewage treatment.
Certain of the synthetic detergents are toxic to fish life at
fairly low concentrations.

Henderson and his co-workers have found (4)

that some species of fish are susceptible to the alkyl benzene sulfonates,
the most commonly used anionic detergent, at concentrations as low as 4.3
mg/1.
The problems caused by synthetic detergents in potable water sup
plies have been outlined by the Task Group of the American Water Works
Association (5).

They are:

(a) Foaming of settling basins, (b) Taste

and odor difficulties, (c) Coagulation and sedimentation difficulties,
(d) Foaming of finished waters, and (e) Quality deterioration in distri
bution systems.

Research investigations (6) that have been undertaken

since the publication of the Task Group report in 1954 have indicated
that detergents may also cause difficulties in the rapid sand filtration
of water.
Syndets have also been found to cause certain ill effects in the
treatment of sewage.

Their presence may bring about a reduction in the

efficiency of many of the mechanical and biological treatment processes
in waste disposal plants.

Some of the more common difficulties en

countered include reduction in efficiency of sedimentation basins (7)
(8), foaming in aeration basins and at effluent outlets (7), reduction
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in gas production of anaerobic digesters (8), and reduction in the
efficiency of oxygen transfer in the activated sludge process (9).
It should be noted that while there is a considerable body of
both laboratory and plant evidence indicating that synthetic detergents
can cause serious operational difficulties in sewage treatment, much of
this evidence is based on statistical analysis and it is possible that
syndets have been blamed for many difficulties in which they were only
one of the factors involved.
One of the reasons for the indefiniteness of the information on
this subject has been the fact that few sewage treatment plants have had
the equipment and trained personnel that are needed in order to conduct
the analyses necessary for the determination of the type and concentration
of the surfactants present at the time the difficulties were encountered..
The development of new methods of analysis (10) (11) has done much to
eliminate this problem; and while the procedures are still somewhat
tedious, the need for much of the expensive equipment required in the
original method (12) has been eliminated.
A number of treatment processes have been proposed to eliminate
the problems associated with the presence of synthetic detergents in both
water and wastewater.

For the purpose of this discussion it is convenient

to divide them into four groups:
biological.

physical, chemical, adsorptive, and

Many of these processes have been proven effective in re

ducing detergent concentrations, but all have serious disadvantages.
Some are too expensive to apply on a regular basis, while others exhibit
harmful side effects which render the water unfit for human consumption.
Physical methods consist of stirring the detergent-laden water or
sewage to induce foaming, stripping off the foam with paddles, and
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destroying it with flame (13).

This process can be used where high

detergent concentrations are encountered and volumes of flow are small,
but it is considered impractical when applied on a large scale.
Defoaming agents and water sprays have been employed (7) (8) (13)
to control frothing of sewage in certain sewage treatment plants and
have met with considerable success.

However, this method does not pre

vent the other problems associated with the presence of detergents and
is, at best, only a stopgap measure.
Of the chemical agents that have been employed for the removal of
synthetic detergents ozone, chlorine dioxide, and primary rosin amine
have shown the most promise (14) (15).

Unfortunately however, the cost

of ozone is prohibitive and both chlorine dioxide and primary rosin amine
render the effluent toxic.
Adsorptive agents have been used to attempt the removal of syn
thetic detergents from water (15).

Of the agents used, activated carbon

and recycled sludge from sedimentation basins have been found effective.
It should be noted however, that at the concentrations necessary the cost
of activated carbon was excessive, and that the recycled sludge lost 25
per cent of its adsorptive capacity with each cycle.

In addition, the

use of chloride ion exchange resins has been evaluated (16) but it was
found that the resin could not be regenerated and was too expensive to
use without regeneration.
Finally, biological treatment has been applied with a great deal
of success in removing all types of detergents from wastewaters with the
exception of the tertiary alkyl benzene sulfonates (3).

This particular

group of syndets, which are the most coilllllon detergents in use in the
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United States today, are extremely resistant to biological degradation
and defy sewage treatment and the natural self-purification of streams.
The biological "hardnessn of the tertiary alkyl benzene sulfonate
(ABS) molecule is to a large extent responsible for the build-up in con
centration that has been noted in natural water supplies.

The syndets

discharged into the sewers pass unchanged through the conventional sewage
treatment plants and, resisting self-purification, into the water treat
ment plants; since the water purification processes do not affect the
ABS either, it remains in the finished water supplied to the consumers.
Considering the repeated reuse of natural waters in the United States,
Hollis (17) reporting that sixfold reuse of many rivers will be common
in the near future, it is apparent that the concentration of synthetic
detergents can build up to high levels.
The magnitude of the detergent problem has reached such proportions
i n certain parts of the world that some European countries have found it
necessary to legislate against the use of nonbiodegradable detergents.
Similar action is contemplated by a number 0£ state legislatures in this
country (18).

However, the present popularity of tertiary alkyl benzene

sulfonates, which is based upon their detergency and low cost, makes de
sirable their continued use and has resulted in increased emphasis being
placed on the development of effective treatment methods.
C•

THE PROBLEM

The Task Group of the American Water Works Association (5) has
stated that dilute solutions of ABS act similar to strong electrolytes.
T his statement led to the belief that the ionic properties of ABS might
be utilized to effect its removal from water and sewage.

This belief was
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further borne out by the fact that many other organic ions have been
removed from aqueous solutions by the application of an electric current
(19).

An investigation of the literature indicated that no attempt had

been made to utilize electrochemical degradation in removing ABS from
water or wastewater.
Therefore, the purpose of these studies was to ascertain the
feasibility of the application of electrochemical degradation to the re
moval of alkyl benzene sulfonates from water.

The degree of completion

and the rate of the electrochemical reactions were determined.
The studies were conducted at ambient temperature in a fill and
draw treatment unit using direct current at two different concentrations
of ABS and in the presence and absence of naturally occurring dissolved
mineral matter, in order to evaluate the effect of these variables on
the process.

The main parameters used were the ABS concentration and

the chemical oxygen demand.

Additional information was gained through

the use of infrared and iron analyses.
In conclusion, it was the purpose of this investigation to study
the electrochemical degradation of alkyl benzene sulfonates and to
evaluate its application in the abatement of the synthetic detergent
problem.
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II.

LITERATURE SEARCH

A comprehensive search of the literature was conducted to obtain
information on previous investigations and practical applications of
electrochem ical degradation in the sanitary engineering field.

The

search was extended to include pertinent info rmation on synthetic deter
gents and the difficulties created by their presence, and to evaluate
the methods that have been proposed for their treatment.
The literature search has been divided into the following six
groups:

(a) The nature of synthetic detergents, (b) The synthetic

detergent problem, (c) The abatement of the synthetic detergent
pollution, (d) The theory of electrochemical degradation, (e) The
application of electrochemical degradation to waste treatment, and (f)
Concluding statements.

A.

THE NATURE OF SYNTHETIC DETERGENTS
According to Sawyer (20, p. 113) surface active agents are

classified on the basis of their chemical nature into three major types,
the cationic, nonionic, and anionic.
The cationic detergents in use today are principally the
quaternary annnonium compounds (Figure 1), and are employed as disinfecting
and sanitizing agents (20, p. 114).

The Task Group of the American Water

Works Associated reported (S) that the cationic detergents do not present
any serious problems in water or sewage, as their use is not extensive,
and they undergo a reaction in sewage with the more common anionic
surfactants which destroys both compounds.

T he exact nature of this

reaction was not explained in that report (5).

However, Coughlin (21)

stated that anionic detergents react with the quaternary anunon ium compounds
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to form an organic complex which is insoluble in water.

Swartz and

Perry (22, p. 151) attributed this to the formation of a high molecular
weight, poorly ionizable salt of the hydrophobic anion and the hydro
phobic cation.

This reaction would therefore result in the precipitation

of the cationic syndets with an equivalent amount of anionic detergents.
The nonionic detergents are the basis of most of the
suds11 products available on the market today (23, p. 551).
o f various nonionic detergents is shown i n Figure 2.
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controlled

The structur e

While the presence

of nonionic detergents may cause difficulties in sewage treatment, they
are not expected to present any problems in s tream pollution or water
treatment because they are destroyed by the conventional biological sewage
treatment processes (24).
The majority of all detergents in use at the present time are
anionic in nature (13).

This type of detergent consists of two general

groups, the sulfates and the sulfonates (3).
The sulfates, inorganic esters of sulfuric acid and primary or
secondary alcohols (Figure 3), have been found (3) susceptible to
b iodegr·adation, and are not expected to create problems in water as they

will be destroyed by the usual sewage treatment or by the natural
purification action of streams.

It is unfortunate that the sulfate deter

gents are more expensive than most of the sulfonate types and therefore,
are not normally used as the principle active ingredient in commercial
detergent formulations in the United States.

According to Swartz, et al

(23, p. 40), the sulfuric esters amount to about one quarter of the
t onnage of the alkyl aryl sulfonates used in this country.
The great majority of commercial detergents sold in the United
States contain an anionic sulfonate as the active ingredient (3).

The
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most common group of the sulfonated detergents in use are the alkyl
benzene sulfonates (ABS).
Sawyer and Ryckman (3) classified ABS into primary, secondary,
and tertiary types as shown in Figure 3.

They reported that primary ABS

is of no practical value as a detergent because of its limited
s olubility, and that although secondary ABS has been used extensively as
a detergent in the past, it has been, in recent years, largely replaced
by the less expensive te�tiary form.

Their studies also established that

while secondary ABS may create some stream pollution problems in areas
where untreated sewage is discharged into streams, it is completely
destroyed by treatment with the activated sludge process.
Tertiary ABS is the most common of the surfactants used in
c onunercial products in the United States today (23, p. 550).

It is a

derivative of polypropylene (23, p. 80) and is the least expensive of
all the high activity surface active agents (23, p. 550).

It should be

pointed out that the studies by Sawyer and Ryckman (3) have established
that tertiary ABS is extremely resistant to microbial attack, and is not
affected e ither by the natural self-purification action of streams or by
the processes of sewage treatment.
B•

THE SYNTHETIC DETERGENT PROBLEM

The problems associated with the presence of synthetic detergents
have been the subject of considerable study during the past decade, which
has in general, led to a good understanding of the difficulties that may
be encountered in stream pollution, water treatment, and wastewater
disposal.
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1.

Foaming Difficulties.
One of the early reports of foaming difficulties was made by Todd

(25) who reported that in 1953 at Wheeling, West Virginia, froth on the
raw water settling basins of the city's water treatment plant reached a
depth of three feet while at the same time the Ohio river in the Wheeling
area was covered with a blanket of foam two feet thick.

According to

Todd (25), during the peak of the difficulties the river water reached a
maximum surfactant concentration of 12 mg/1, expressed as ABS, and the
finished water exhibited noticeable foaming.
More recently, during the emergency reuse of reclaimed water at
Chanute, Kansas (26), foaming of the finished water due to the presence
of synthetic detergents was one of the principle causes for the almost
complete rejection of the water by the public.
Foaming of aeration and sedimentation basins in sewage treatment
plants has been reported by a number of investigators.

In Mount Penn,

Pennsylvania (5), samples of a new synthetic detergent were distributed
to housewives on a Friday afternoon; by the following Monday, foam had
built up on the aeration basins of the city's sewage treatment plant to
a depth as great as five feet.

Although no values on the concentration

of the surfactant were reported, and no information was given as to the
type of the synthetic detergent involved, this incident (S), together
with the work of Fuhrmon and Rice at Washington, D. C. (7), and that of
Bennett and Ryckman (9), have strongly indicated that detergents can
cause foaming on aeration and sedimentation basins in sewage treatment
plants.

The exact role that the surfactant plays in the foaming of

sewage has been questioned by some investigators.

Wells and Scherry (27)
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have shown that concentrations of Tide up to 250 mg/1 caused no foam
formation in the aeration basins of an activated sludge plant.

Also,

according to Gowdy (28), frothing is more likely to be caused by a low
suspended solids content in the aeration basins.
2.

Taste and Odor Difficulties.
Cross (29) studied the effects of various commercial detergent

formulations on the taste and odor o f tap water.

He found that some

products can cause detectable odors at concentrations as low as one mg/1.
Unfortunately, he made no effort to determine which of the ingredients
was responsible.
3.

C oagulation Difficulties.
The Task Group of the American Water Works Association (5) re

ported that synthetic detergents could be responsible for coagulation
difficulties in water treatment plants.

Research into this subject

since the publication of the Task Group Report (30) (31) (32) has indi
cated that while the surfactants, at concentrations of 8 to 12 mg/1, can
interfere in coagulation, the complex polyphosphates used as builders are
a more likely sou rce of trouble.

In fact, Smith, et al (30) found that

the polyphosphates caused interferences in coagulation at concentrations
as low as one mg/1.
4.

Sedimentation Difficulties.
A more subtle interference caused by synthetic detergents is

their ability to reduce the efficiency of sedimentation basins.

Fuhrmon

and Rice (7) attributed a reduction in efficiency noted in the primary
c larifier of the Washington, D. C. sewage treatment plant to the presence
of anionic detergents in the raw sewage.

Sperry (8) presented evidence

indicating that reduction in suspended solids and BOD removal at the
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sewage treatment plants of Aurora, Rockford, and Elgin, Illinois were
probably due to the presence of syndets, though no attempt was made to
determine the concentrations present.

In fact, in both of the instances

cited above, the bulk of the evidence consisted of a comparison between
the detergent sales in the area, and the efficiency records of the treat
ment plants.

This method leaves some question as to which agent was

causing the difficulties.

That is, was the surfactant or the phosphate

builders the main factor involved.
5.

Water Filtration Difficulties.
Sanford and Gates (6) studied the effects of ABS on the performance

of rapid sand filters.

They found that although increased head losses

resulted when water containing 5 mg/1 ABS was filtered, no deterioration
was noted in the effluent.

The increased head losses resulted in shorter

filter runs and higher filtration costs.
6.

Interference With the Biological Treatment of Sewage.
In recent years, much emphasis has been placed on the difficulties

created by synthetic detergents in the biological treatment of sewage.
Bennett and Ryckman (9) studied the effect of ABS shock loads on
activated sludge using a battery of fill and draw units.

Th�y found that

large concentrations of ABS, in the area of 260 mg/1, interfered with the
oxidation of a synthetic waste, while normal concentrations of 10 mg/1 did
not have any effect on the treatment of domestic sewage.
Degens, et al (33) working at Amsterdam, Holland, found that alkyl
aryl sulfonate, an anionic detergent similar to ABS, caused an inhibitive
effect in the oxygen uptake of an activated sludge unit.

Bennett and

Ryckman (9) have also reported that the presence of ABS in the feed of
laboratory activated sludge units significantly decreased the oxygen
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transfer e fficiency.

It should be noted that McKinney (34, p. 222) has

questioned the effect of ABS on oxygen uptake in activated sludge,
stating that it may be no greater than that of the other organic
constituents of sewage.
Manganelli and Crosby (35) studied the effects of various detergents
on the microbial population of a laboratory a ctivated sludge unit using
microscopic examination.

They observed no changes in the total number

of bacteria in the sludge resulting from the presence of an anionic
detergent at concentrations of about 10 mg/1.

Minor effects were noted,

however on the higher forms of life, including the protozoa, at this
concentration.

In contrast, Sperry (8) reported a change in the character

of the biological slime in the trickling filters at Aurora, Illinois
coinciding with the time that syndets became popular in the area.

Knots

containing Lumbiculus, which had been abundant, disappeared showing that
a change i n the bacterial population did occur.

No adverse effects in

fi1ter .performance were noted.
Another interesting effect reported by Sperry (8) was the marked
reduction in the gas production of the anaerobic digesters of the Aurora
plant.

The gas volume produced by these units decreased as the sales of

synthetic detergents in the area increased.

Sperry also reported (8) that

although no change in digester efficiency was noted, the operational cost
of the plant increased because with reduced d igester gas production it
became necessary to purchase increased quantities of city gas for heating
the digesters.
In summary, it has been reported that the presence of anionic
surfactants, especially at high concentrations, may result in a reduction
in the oxygen transfer efficiency of activated sludge, a change in the
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bacterial population of trickling filters, and a decrease in gas pro
duction in digesters, without generally affecting, the efficiency of the
plant.
7.

Toxicity of Synthetic Detergents.
The toxicity of syndets to fish life is an area which has re

ceived very little attention.

Recent investigations by Henderson, et al

(4) have shown that the tolerance of fish to ABS is low, as indicated by
the 96-hour

TLui

value of 4.3 mg/1 for fat head minnows.

From this value

it is apparent that toxicity to fish can be a serious problem, where
wastes containing significant quantities of ABS are discharged into
streams.
8.

Other Difficulties.
Difficulties have been experienced in the removal of iron from

water because of the presence of syndets in the raw water (5).

This has

been attributed to the fact that the iron oxides are held in a peptized
state b y the syndets, and do not settle.
It has also been reported (25) that the presence of synthetic
detergents may intensify the corrosiveness of finished waters.

This

effect can cause considerable difficulty in the maintenance of distribution
systems.
C.

THE ABATEMENT OF THE SYNTHETIC DETERGENT POLLUTION
A number of different approaches have been investigated in an

effort to devise a method which can be effectively used in the abatement
of the synthetic detergent problem.

The more significant of these methods

are discussed in the following pages and have been included into four
groups.
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1.

Defoaming Methods.
The addition of defoaming agents has been used successfully (36)

(37) to control the formation of foam on aeration basins in various
sewage treatment plants.

The main disadvantage of this method is the

cost of these agents which can become prohibitive if they are u sed in
significant quantities.

Many plants have found, however, that the

defoaming agents need be a pplied only periodically, when foam levels
become excessive (13).
Another foam controlling measure that has been applied with con
siderable success (7) (8) i s the use of water sprays which are employed
to break up the heavy layers of suds when they form.

At the Washington,

D. C. plant (7) a water flow in the sprays of 15 to 20 gallons per
minute per million gallon of sewage per day was required to control
frothing.
It may be pointed out that both of these methods are only stopgap
measures a nd are not expected to reduce the concentration of the sur
factants passing through the plant and into the receiving waters.

It

i s also doubtful that the use of defoaming agents is of any help in
controlling the other problems associated with the presence of detergents
in sewage treatment.
2.

Chemical Methods.
The author believes that a chemical agent in order to be used

effectively in the treatment of synthetic detergents in water or sewage
must be capable of reducing the syndet content below that at which they
may cause difficulties, must be economical at the concentrations needed,
and must create no harmful side effects which may damage the quality of
the finished water or waste effluent.
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Vaughn, et al (15) have studied the use of chlorine dioxide and
primary rosin amine acetate in raw water.

They found that chlorine

dioxide reduced the ABS concentration of raw water from 20 mg/1 to 12
mg/1 when a dose of 36 mg/1 was applied.

Primary rosin amine, an organic

cation, was also found very effective, and at a dose of 10.8 mg/1 com
pletely removed the ABS from the water.

These investigators (15) con

cluded that although both of these chemical agents were effective, they
suffered from serious disadvantages.

A high residual remained when

chlorine dioxide was used requiring excessive dechlorination before use.
Further, the primary rosin amine was a strong irritant and could not be
tolerated in the finished water.
No information was given by the authors on the practicality of
using these agents for sewage treatment.
Another cationic material > BTC 776 > has been recently used (38) to
remove ABS from sewage effluent.

In laboratory investigations, BTC 776

concentrations of 3.0 mg/1 reduced the ABS in the effluent from 3.2 mg/1
to 0.2 mg/1. At the present time insufficient work has been done on
this method to predict its applicability to practice.
Buscher and Ryckman (14) have investigated the ozonation of ABS
in distilled water > sewage, and sewage treatment plant effluents.

ABS

concentrations in the range of 6.8 to SO mg/1 were studied, and the
effect of ozone on the ABS content and foaming ability was determined.
It was found that ozonation effectively reduced the foaming ability of
the sample and partially oxidized the ABS present.

It was estimated

that 150 > 000 KWH of electric power would be required to treat one million
gallons of the sewage effluent containing 6.8 mg/1 ABS.

Although the

authors (14) pointed out that this could probably be improved by the
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development of methods enabling a better utilization of the ozone, it
is believed that this method will remain too expensive for use on any but
an emergency basis.
3.

Biological Methods.
Comprehensive research investigations were undertaken by Sawyer

and Ryckman (3) in order to determine the ability of the activated
sludge process to remove ABS from sewage.

Considerable success was ob

tained with both the primary and secondary ABS.

The tertiary form how

ever, was found to be singularly resistant to the action of the micro
organisms in the activated sludge, and no significant removals were ob
tained by this process of treatment.
While biological methods have not been found effective in the
treatment of tertiary ABS, most other detergents respond quite well to
oxidation by the activated sludge and trickling filter processes.
Sawyer and Ryckman (3) have shown that alkyl aryl sulfonate and most of
the sulfate detergents were easily destroyed.

Manganelli (24) reported

that the nonionic detergents were equally StJSceptible to oxidation by
microorganisms.
4.

Physical and Physicochemical Methods.
It has been reported (13) (39) that detergents may be removed

from sewage by foam fractionation.

This method consists of either

blowing the detergent laden S€Wage with compressed air, or stirring the
s ewage with paddles to bring about the formation of froth in which the
syndets are concentrated.

The froth is then skimmed off and destroyed

with flame or disposed of by some other means.

Foam fractionation can

effectively reduce the concentration of detergents in sewage, but the
method is fairly expensive and is not considered practical on a large s cale.
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The removal of synthetic detergents by adsorption followed with
sedimentation has received much interest.

Various adsorbing agents have

been tried, but to date, only two have shown any promise of success.
Settled sediment (15), from either alum or iron coagulated water,
was found to be effective in removing ABS provided that a sufficient
quantity of the sludge was recycled back to the flocculators.

Although

these studies indicated that the sediment lost 25 per cent of its ability
to adsorb the syndets with each cycle, the authors (15) considered the
method promising and deserving of further investigations.
Powdered activated carbon has also been used successfully to re
move detergents from water (15) (40) (41) (42).

The main disadvantage

of this method lies in the fact that at the concentrations of activated
carbon necessary, the cost is excessive.

In addition, the method is not

suitable to sewage treatment because of the other organic materials pre
sent which would also be adsorbed on the carbon.

Recent laboratory

investigations (43) have shown that granular activated carbon filters
may be adaptable to the removal of ABS from sewage treatment plant
effluents.

Initial data have indicated that, with thermal regeneration

of the carbon, the cost of this process might be low enough to allow the
practical application of this method.

However, further research is needed

before complete evaluation of the process can be made.
Finally, Abrams and Lewon (16) have investigated the possibility
of removing ABS from water and settled sewage with chloride cycle ion
exchangers.

Although the method worked well, difficulty was encountered

in regenerating the resin.

The replacement of the exhausted resin was

considered, and the resulting operating cost was found to be $54.00 per
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million gallons of treated water (with an initial ABS concentration of
10 mg/1).
D.

THE THEORY OF ELECTROCHEMICAL DEGRADATION

Brockman, in his "Electro-Organic Chemistry" (19) discussed the
basic theory governing the electrochemical reactions occurring in aqueous
solutions of organic materials.

He noted that a number of effects may be

expected to take place when a solution containing organic ionic compounds
is electrolyzed.

First, the ions, being charged, will be drawn to the

electrodes bearing opposite charges.

Secondly, oxidation of the organic

anions will take place at the anode and reduction of the cations at the
cathode.

Finally, if the electrodes are of a material capable of

entering into electrolytic reactions, substitution reactions may occur
between the organic ions and the metal of the electrodes.

Although the

first two of these effects will always occur, the last will take place
only when the electrodes are constructed of material capable of reaction
wi.th the ions of the electrolyte.
Brockman (18) referred to the attraction of the ions of the
organic material to the pole bearing opposite charge as electrophoresis.
He stated that this phenomenon is electrostatic in nature and that the
rate of migration of the ions toward the poles is dependent on the
relative magnitude of the charge of the ion and the impressed voltage.
He further explained that oxidation occurs when the organic ions
react with the nascent oxygen which is formed at the anode upon electro
lysis of the water.

In some cases, when relatively simple organic

molecules are involved, the oxidation may be complete, resulting in the
formation of carbon dioxide and water.

In most cases however, only
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partial oxidation will be effected.

According to Shipley and Rogers (44),

reduction must always accompany oxidation, though not necessarily at the
same rate.

It will always occur at the opposite pole, that is the cathode.

Substitution reactions may be expected to occur when the electrodes
are made of m aterials which are capable of ionization and reaction under
the influence of the current.

Basically, the reaction consists of the

electrode material being ionized, entering into solution, and reacting
with the organic ions present (18).

E.

THE APPLICATION OF ELECTROCHEMICAL DEGRADATION TO WASTE TREATMENT
The feasibility of utilizing electrochemical degradation for the

treatment of certain industrial wastes has been the subject of research
investigations recently conducted in the United States and Russia.
Potassium cyanide and potassium thiocyanate were effectively
oxidized on various electrodes at current densities of from 0.1 to 0.5
amperes per decimeter square (45).

Another report (46) stated that

electrolysis of alkaline solutions containing cyanide resulted in the
oxidation of the cyan,ide ion to cyanate and ammonium carbonate.
Phenol and cresol have also been shown to be vulnerable to electro
chemical degradation under appropriate conditions, though the process is
believed to be too expensive for wide scale application (45).
Wastes from the manufacture of trinitrotolyene have been effec

tively treated by electrochemical degradation using copper or steel
electrodes (45).

However, the available data are insufficient, and do

not permit an economic evaluation of the process.
It should be noted that the studies previously presented on
electrochemical degradation of wastes refer to recently conducted
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laboratory investigations, and no known application of electrochemical
treatment o f wastewaters on a full scale basis was reported in the
literature.
Finally, electrochemical degradation has been proposed as a
possible method for advanced waste treatment by the investigators of the
Robert A. Taft Sanitary Engineering Center (47, p. 33).

Reference was

made to the use of this process for the treatment of ABS.
F.

CONCLUDING STATEMENTS
In summary, it may be seen that although several types of syn

thetic detergents are in use, the tertiary alkyl benzene sulfonates are
the most deserving of consideration from the standpoint of water and
waste treatment because of their more extensive usage, and because of
their resistance to biological oxidation.

Synthetic detergents have

been shown to be responsible for aesthetic and operational difficulties
in both water and sewage treatment, and their presence in natural waters
may result in fish kills.

No method of treatment has been advanced to

date, which. will satisfactorily alleviate the problems associated with
the presence of synthetic detergents in water or sewage.

Recently con

ducted laboratory investigations have indicated that electrochemical
degradation may have application in the treatment of wastewaters.

Very

little is known, however, on the use of electrochemical degradation in
the removal of refractory contaminants, of which ABS is a prominent one.
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III •
A.

MODE OF STUDY

EXPERIMENTAL UNIT
A special treatment unit was constructed for this work consisting

of a fill and draw reaction tank equipped with iron electrodes, a direct
current power source and needed electronic instrumentation.

The experi

mental unit is shown in Figure 4.
The reaction tank was made from a 5 gallon glass aquarium.

The

electrodes were prepared from 1/4 inch galvanized hardware cloth from
which the zinc had been removed.

The total surface area of the wires in

each electrode was measured and found to be approximately 155 square centi
meters.

The electrodes were spaced 25 centimeters apart and were held in

place by means of plexiglass strips glued into the tank.

Glass siphons

were arranged in the tank to allow samples to be drawn from the vicinity
of each electrode at approximately mid-depth.
In order to allow continuous control of the current and voltage
during the runs, a Simpson model 270 multimeter, arranged as a voltmeter,
and a Simpson model 37� milliampmeter were connected into the circuit.
A Kepco model 103 direct current, variable voltage power supply was
used with the simplified system studies and an Electro model EFB supply
was used with the river water system studies.
To evaluate the effect of the materials used in the construction
of the electrode holders, a distilled water system with no organic matter
added was electrolyzed for a period of four hours.

Chemical oxygen

demand determinations at the beginning and end of the run indicated no
change, and it was concluded that the effect of these materials was
negligible.

F/GURE4
EXPERIMENTAL UNIT

"'
V1
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B.

MATERIALS

1.

Alkyl Benzene Sulfonate.
The alkyl benzene sulfonate used in these studies was obtained

from the Association of Soap and Detergent Manufacturers.

An analysis

of the composite material furnished by this Association showed the
following constituents:
Alkyl Benzene Sulfonates.•••..•.•.•... 49.3%
Sodium Sulfate.• •.••• • . • • •. • .. .. • ..•.• 35 .7%
Sodium Carbonate........ .. .••....•.••. 5 .4%
Sodium Hydroxide. ..•• • •. • • .•. ••..•.. .• 2.4%
Moisture ........ .•....... • ... • ... ..... 6 .3%
Free Oil.........•..•..•....•......... 0.6%
Total...•... ..... ....... ..... .......•. 99.7%
The pH of this material was reported as 10.5 and the molecular weight
given as 348.
dodecyl ABS.

This molecular weight would indicate the material to be
The COD was measured by dichromate oxidation and found to

be 1.98 mg/mg.

The theoretical COD of dodecyl ABS was also calculated

on the basis of the following oxidation reaction:

It was found to be equal to 2.35 mg/mg.

Therefore the composite material

exerted 84.5 per cent of the theoretical chemical oxygen demand of
dodecyl ABS in the standard COD test.
2.

River Water.
The river water used in this investigation was obtained from the

Little Piney River at the junction of the Little Piney and Gasconade
Rivers at Jerome, Missouri.

The water samples were collected at mid

stream and a depth of approximately 6 inches.

Prior to use, the water

was stored in the laboratory at room temperature in tightly stoppered 5
gallon bottles.

A number of analyses were made on the river water samples

in order to characterize them.

Typical results were as follows:
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Total Hardness as CaC03••...•.•.•••.. 166.0 mg/1
Total Alkalinity as CaC03••..•••.•••• 175.0 mg/1
0.7 mg/1
Iron.................................
Anionic Surfactants as ABS...........
0.2 mg/1
5.5 mg/1
Chemical Oxygen Demand..........•.• •.
pH...................................
8 .4
The river received a small amount of domestic pollution upstream from
the collection point, and was found to contain a wealth of ionic material
which, it was believed, would affect the treatment process.

C•

WATER SYSTEMS
The e lectrochemical treatment of ABS was studied in two different

systems so t hat the effects of dissolved materials on the treatment could
be evaluated.
1.

Simplified Systems.
The s implified systems consisted of distilled water with sufficieGt

ABS added to bring the detergent concentration to the desired level.

In

vestigations were conducted on these systems to determine the nature of
the reactions taking place and the end products obtained.

Because of

the limited number of variables the simplified systems allowed re
producibility of results.
2.

Riv.er Water Systems.
The-river water systems were composed of lightly polluted river

water to which an appropriate amount of ABS was added, and contained
significant amounts of inorganic, naturally occurring electrolytes.
These systems were used to evaluate the effect of these electrolytes on
the rate and degree of completion of the electrochemical reactions.
addition they simulated conditions anticipated in practice.

In
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D.

EXPERIMENTAL CONDITIONS
A detention time of 4 hours was selected on the basis of pre

liminary investigations.

It was found to be sufficient to allow the

rates or the various reactions to become established.
Alkyl benzene sulfonate concentrations of 10 and 25 mg/1 were used
in both systems so that the effect of the ABS concentration on the re
actions could be evaluated.

The 10 mg/1 concentration was chosen be

cause it has been reported to cause difficulties in potable waters.

The

25 mg/1 value has often been encountered in sewage and laundry wastes
and was taken to represent the maximum value that may be expected in
surface water supplies in the future.
A current of 80 milliamperes was used in all the studies.

For the

purposes of this thesis an approximate average value for the current
density was obtained as follows:
CD •

Current Flow
Total Surface Area of Each Electrode

80 mils
2
.5 mils/cm
0
•
2
155
cm
•

Use of this current density of 0.5 milliamperes per centimeter square
gave ABS reductions within the range of easy measurement during the
detention time selected.
In order to determine the electrical properties of the various
systems studied, their specific conductance was computed on the basis of
the applied voltage and current flow at the start of each run and the
volume of water between the electrodes.

The specific conductance was

determined as the reciprocal of the specific resistance or as the current
to voltage ratio per unit volume.

The volume of water between the

electrodes was calculated from the dimensions of the tank and found to be
7.5 liters.

The specific conductance values for the systems used in the

studies are shown in Table I.
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TAB LE I
SPECIFIC CONDUCTANCE OF THE SYSTEMS STUDIED
I NITIAL ABS
mg/1

SYSTEM

SIMPLIFIED
RIVER WATER

POTENTIAL
VOLTS

CURRENT
MILLIAMPERES

SPECIFIC
CONDUCTANCE
/Jmhos/cm3

10

3 00

80

0.04

25

200

80

0.05

10

40

80

0.27

25

40

80

0.27

E.

EXPERIMENTAL PARAMETERS

1.

Alkyl Benzene Sulfonate Determination.
The concentration of ABS was determined in both clarified and

unclarified portions of all samples t aken from the areas of the
electrodes using the apparatus shown in Figure 5.

These data allowed

the evaluation of the rate and degree of completion of the electro
chemical reactions and the effect of clarification on the ABS content,
and provided information on the electrophoretic properties of the systems.
A search was made for an appropriate procedure for the determination
of ABS.

Three methods were found to have had application in the field o f

sanitary engineering.

Infrared spectrographic analysis (12) has been

used and shown to be a very accurate analytical technique that can
effectively differentiate between the various types of anionic synthetic
detergents.

However, the procedure is difficult and time consuming and

requires expensive equipment and cannot therefore be used as a standard
laboratory technique.

The development of the two-phase titration method

(11) did much to eliminate the problems associated with the infrared

FIGURES
APPARATUS FOR THE DETERMINATION
OF ABS

w
0
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determination, although the procedure was still tedious.

Finally, the

methylene blue method (10) (48) was developed and has become the most
widely used procedure for the determination of anionic syndets in both
water and sewage.
Various modifications of the methylene blue method have been pro
posed (10) (48) (49) (50).

The Degens modification was selected for use

in these studies because it is a fast and accurate procedure and does
not require as much equipment as the other modifications.

This method

has been used successfully by a number of investigators (3) (9) (14)
and can be adapted to the analysis of sewage samples.

The adaptability

of this modification to the determination of ABS in sewage was a con
sideration in the selection of this method because it enabled the use of
the specially constructed equipment (Figure 5) in the continuation of the
research investigations.
The procedure as used, consisted of reaction of the anionic deter
gents with methylene blue, an organic dye, and extraction of the re
sultant colo r complex with chloroform.

The per cent transmittance of the

chloroform solution was measured on a Bausch and Lomb Spectronic 20
colorimeter at 600 mp and the ABS concentration was determined by means
of a calibration curve prepared using samples of known concentration of
ABS.

The complete procedure as given by Degens, et al (10) is presented

in Appendix A of this thesis.

It should be pointed out that although the

methylene blue procedure measured the total anionic detergent content
(sulfate and sulfonate)

>

it was satisfactory for this work since only ABS

was present in the samples.
2.

Chemical Oxygen Demand.
Chemicad oxygen demand determinations were performed on samples
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collected at the beginning and end of each run.

Since the oxygen demand

exerted by a sample is, in general, proportional to the amount of organic
material present, the COD can be used as a direct measurement of its
concentration. These determinations were therefore used to provide in
formation on the amount of organic material removed by treatment, and to
help determine the nature of the end products formed.
The dilute dichromate method of analysis given in Standard Methods
(48, p. 399) and proposed by Moore and Walker (51) was used.

The method

is based on a wet combustion of the sample with 0.025 N potassium di
chromate in a SO per cent solution of sulfuric acid.

This combustion

was performed by refluxing the mixture with a silver sulfate catalyst
for two hours, after which the sample was allowed to cool. The excess
dichromate present was titrated with 0.025 N ferrous a.imoonium sulfate
using ferroin indicator.

A distilled water blank was p repared in the

same manner, and the amount of dichromate used to oxidize the organic
matter was taken as the difference between the blank and the sample.
The oxygen consumed was then calculated on the basis of the amount of
dichromate required in the oxidation.
The COD's of the ABS composite sample and the sludge were also
determined.

The standard COD test (48) was employed.

The procedure was

similar to that outlined above, except that 0.25 N potassium dichromate
and ferrous ammonium sulfate were used.
3.

Iron Determinations.
Iron determinations were made on selected samples and were used

to aid in establishing the mechanics of the removal of ABS.
The analyses were conducted according to the phenanthroline
method as outlined in Standard Methods (48).

Briefly, the procedure
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consisted of reduction of the iron to the ferrous state by boiling in the
presence of hydrochloric acid and hydroxylamine, and reacting it with a
phenanthroline solution to form a red-orange color complex which was
measured colorimetrically.
4.

Infrared Analyses.
Infrared analyses were used to obtain qualitative information on

the effect of electrochemical treatment on the ABS molecular structure,
and to determine the nature of the organic end products.
Certain of the spectra were prepared at the Rolla Metallurgy Re
search Center of the U. S. Bureau of Mines, Rolla, Missouri on a Beckman
IR7 infrared spectrophotometer using the potassium bromide pellet
technique.

Other spectra were obtained by means of a Perkin-Elmer

Infracord spectrophotometer using the heavy mineral oil mull technique,
and were prepared by the Organic Chemistry Laboratories of Washington
University, St. Louis, Missouri.

E.

EXPERIMENTAL PROCEDURE
In order to insure the validity of the data, duplicate runs were

made with both systems at the two concentrations studied.

Sufficient

sample for ·both runs was prepared in one operation so that the conditions
existing in each would be as similar as possible.
The sample was prepared by adding a calculated amount of ABS to the
water to be treated and adjusting the detergent concentration to the de
sired level.

A 10 liter portion of the sample was then transferred to

the treatment unit and the remainder stored i n a tightly stoppered 5
gallon bottle for use in the duplicate run.
of the sample was determined.

The ABS� COD and iron content
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The power supply was turned on, the current adjusted to 80
milliamperes, and the potential difference between the electrodes
recorded.

Samples were collected from the anodic and cathodic areas at

selected time intervals during the run.

As an insoluble precipitate was

noted to form during the treatment, part of each sample was clarified by
filtration.

ABS determinations were performed on both the clarified and

unclarified portions of these samples.

An additional sample was

collected from the center of the tank at the conclusion of the 4 hours
of treatment, and subjected to COD and iron analyses.

At the end of

the run the power supply was turned off and the unit allowed to stand
for 24 hours so that sedimentation of the insoluble material formed
during the treatment could occur.

The clear supernatent was then

siphoned out and the sludge collected, filtered through a Buchner funnel,
elutriated with distilled water, dried at 103 ° C, and held for future
analysis.

Chemical oxygen demand, iron and infrared analyses were per

formed on selected samples of the sludge collected from the simplified
sys terns.
A special run was made using a simplified system in order to pre
pare samples for infrared analysis.
this system was 25 mg/1.

The initial ABS concentration in

A sample collected at the beginning of the run,

and another obtained following 4 hours of treatment and clarification
were concentrated by evaporation on a steam bath, and infrared determi
nations were performed on the resulting residues.

In addition, the

sludge from this run was collected and an infrared spectrum obtained for
it.

It should be noted that this sludge was not elutriated with distilled

water in an attempt to determine if additional ABS was being removed b y
adsorption.
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IV.

EXPERIMENTAL DATA AND RESULTS

The electrochemical degradation of alkyl benzene sulfonates was
studied in both simplified and river water systems using initial ABS
concentrations of 10 and 25 mg/1.

The investigations were conducted in

a f ill and draw experimental unit at am bient t emperature and a current
density of 0.5 milliamperes per centimeter square.

A 4 hour detention

time was provided and duplicate runs performed at both concentrations in
each system.

The alkyl benzene sulfonate concentration and the chemical

oxygen demand were the main parameters employed.

Additional information

was obtained by means of iron and infrared analyses.

Duplicate deter

minations were performed on all samples, excepting the infrared spectra.
Therefore the data shown represent, in most cases, the average of four
determinations.
The results obtained are presented in the following groups:

(a)

Simplified system studies, (b) River water system studies, (c) Infrared
studies, and (d) Power requirements.

A.

SIMPLIFIED SYSTEM STUDIES
These systems were used to obtain basic information on the types

of reactions occurring in the treatment unit, the rate and degree of com
pletion of these reactions, and the nature of the end products formed.
1.

Studies at 10 mg/1.
The data obtained from the ABS determinations are presented in

Table II and plotted in Figure 6.

At the end of 4 hours of treatment, a

62 per cent reduction in the ABS concentration of the unclarified samples
was obtained at the cathode, while the corresponding reduction at the
anode was 54 per cent.

Although the ABS values noted at the cathode

'J;ABLE II
ELECTROCHEMICAL DEGRADATION OF ALKYL BENZENE SULFONATES
ABS STUDIES ON SIMPLIFIED SYSTEMS

TYPE

COLLECTED
AT
�

A

§
t.)

§

§

�

=

�

�

0

A

STUDIES AT 25 mg/1

STUDIES AT 10 mg/1

SAMPLE

�

1-1

�

g
�

ABS, mg/1

%

ABS, mg/1

%
ABS

HOURS

REMAINING

REMOVED

ABS
REMOVED

0

10.0
9.5
9.6
8.4
4.6

0
0.5
0.4
1.6
5.4

0
5
4
16
54

25.0
26.6
26.5
23.5
18.7

0
-1.6
-1.5
1.5
6.3

6
25

10.0
8.2
8.0
7 .o

0
1.8
2.0
3.0
6.2

0
18
20
30
62

25.0
23.4
21.2
20.8
16.7

0
1.6
3.8
4.2
8.3

0
6
15
17
33

0

10.0

1
2
4

3.4
2.0
1.2

0
4.5
6.6
8.0
8.8

0
45
66
80
88

25.0
22.6
22.1
21.5
17.9

0
2.4
2.9
3.5
7.1

0
10
12
14
28

10.0
6.5
5.8
3.9
3.8

0
3.5
4.2
6.1
6.2

0
35
42
61
62

25.0
20.5
19.1
17.0
14.5

0
4.5
5.9
8.0
10.5

0
18
24
32
42
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were lower than those observed at the anode throughout the runs, the
difference was greater early in the treatment period.

Clarification in

creased the ABS removals in the samples taken after 4 hours of detention
from the anodic area to 88 per cent but did not affect the removals in
the samples collected at the cathode at the same time.

However,

clarification did bring about additional reductions in the ABS concen
tration at the cathode in the earlier samples.

In fact, the effect of

clarification was considerably more pronounced at both electrodes during
the first part of the detention time.
The results of the COD studies are shown in Table III.

Samples

for the COD determinations were collected at the center of the experi
mental unit and were considered to represent average values.

A COD re

moval of 64 per cent was determined in the unclarified final samples and
increased to 71 per cent following clarification.

It should be noted

that the computed COD values shown in Table III were determined by
averaging the ABS concentrations measured at the electrodes at the end
of 4 hours of treatment, and taking the average value to represent the
concentration at the center of the tank.

The expected chemical oxygen

demand was then calculated by multiplying this value by the COD of the
composite ABS sample which had been previously found to be 1.98 mg/mg
(see page 26 of this thesis).

In all the samples analyzed, the measured

COD's were higher than those computed.
The values obtained from the iron analyses are listed in Table IV.
During the treatment, an increase in the iron content from zero to 1.7
mg/1 was noted in the unclarified samples.

Clarification was found to

remove all of the iron present indicating that it was in the ferric state.

.TABLE III
ELECTROCHEMICAL DEGRADATION OF ALKYL BENZENE SULFONATES

CHEMICAL OXYGEN DEMAND DATA AT 4 HOURS DETENTION

SYSTEM

SIMPLIFIED

RIVER

WATER

INITIAL
ABS
mg/1
10.0

UNCLARIFIED

INITIAL COD, mg/1

FINAL**
ABS
COMPlITED* MEASURED mg/1
13.1

15.8

3.8

25.0

32.8

44.3

17 .7

10.0

18.6***

16.6

7.8

25.0

38.3-k**

34.5

16.4

CLARIFIED

FINAL-k*
ABS
COMPlITED* MEASURED mg/1
FINAL COD, mg/1

4.9

5.7

2.5

23.2

24.8

16.2

15.7*-k*

15.4

6.4

21.4***

28.6

12.4

FINAL COD, mg/1
COMPlITED*

MEASURED

3.3

4.6

21.3

22.8

14 .O*��*

15.3

21.8***

16.0

*Calculated on basis of the ABS concentration and a COD value of 1.98 mg/mg for the composite ABS
sample.
**Value shown is the average of the concentration measured at the electrodes.
***Value includes the COD of the river water which was taken as 5.5 mg/1.

w
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TABLE IV
ELECTROCHEMICAL DEGRADATION OF ALKYL BENZENE SULFONATES
IRON DATA AT 4 HOURS DETENTION

SYSTEM

SIMPLIFIED
RIVER
WATER

INITIAL
ABS
mg/1

IRON, mg/1
INITIAL

FINAL
UNCLARIFIED

CLARIFIED

10

0

1.7

0.0

25

0

1.9

0.0

10

0

6.4

0.0

25

0.04

7.1

0.0
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2.

Studies at 25 mg/ 1.
The results of the ABS studies at this concentration are shown in

Table II and Figure 7.

An interesting effect was observed at the anode

during the early part of these runs.

The ABS concentration was found to

increase above the initial value shortly after electrolysis was started.
It reached a maximum value of 26.6 mg /1 after one-half hour of treatment
and then began to decrease reaching the initial concentration after
approximately one and one-half hours.

The ABS content continued to

decrease to a final value of 18.7 mg/ 1 .

However, this trend did not

occur at the cathode where the concentration decreased rapidly during the
first hour.

At the end of the run, ABS removals of 25 and 33 per cent

were noted in the unclarified samples collected at the anode and cathode,
respectively.

Upon clarification of the samples, the upward trend of

the anodic values disappeared.

The reductions obtained at both

electrodes were similar, although the cathode s howed greater removals
throughout the treatment.

The resulting reductions in the clarified

samples were 28 per cent at the anode, and 42 per cent at the cathode.
The chemical oxygen demand data are given in Table Ill.

Re

ductions in COD of 44 and 48 per cent were determined in the unclarified
and clarified samples, and were considerably l ess than those obtained at
the lower ABS concentration.
Following 4 hours of electrolysis, the average iron content in
the unclarified samples was 1.9 mg/1, while no iron was found in the
clarified samples.
3.

The results of these analyses are presented in Table IV.

Sludge Analyses.
The insoluble precipitate formed during the treatment was analyzed

to determine its chemical nature, and to gain an insight into the
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mechanism of ABS removal by electrochemical treatment.

The sludge was

found to exert a chemical oxygen demand of 0.286 mg/mg.

Although this

value was considerably lower than that obtained for the ABS composite,
it nonetheless indicated that the sludge contained a significant portion
of organic material.

Iron analysis showed a total iron content in the

precipitate of 0.031 mg/mg.
B.

RIVER WATER SYSTEM STUDIES

Comparison of the results of these studies with those observed in
the simplified systems enabled the evaluation of the effects of the
dissolved materials present in natural waters on the treatment process.
The river water used contained significant quantities of calcium and
magnesium salts which were expected, because of their ionic nature, to
exert considerable influence on the electrochemical reactions occurring.
1.

Studies at 10 mg/1.
The ABS studies in.this system are presented in Table V and
It may be seen that the ABS content at the anodic area compare d

Figure 8.

favorably with the value a t the cathodic area for a given time, and that >
in general, electrochemical treatment was not as effective in removing
ABS as it was in similar studies on the simplified systems.

The effect

of clarification was also different; it was more pronounced at the end of
the run and resulted in an average reduction of approximately 35 per cent.
The corresponding value for the unclarified samples was only 22 per cent.
The data obtained from the chemical oxygen demand determinations
are shown in Table III. Also included in this table are the computed
COD values.

The COD of the samples was only slightly reduced, resulting

in removals of about 7 to 8 per cent for the unclarified and clarified
samples.

The measured and computed COD values compare favorably.

TABLE V
ELECTROCHEMICAL DEGRADATION OF ALKYL BENZENE SULFONATES
ABS STUDIES ON RIVER WATER SYSTEMS
SAMPLE
TYPE

COLLECTED
AT
i:.:I

A

i:.:I
H

§

�

�

H

�
�

i:.:I

A

g

1
2
4
0

\

i:.:I

0

�

H
(.)

\

(.)

§

�

0

1
2
4

�

�
�
H
�

TIME
HOURS

�

0

:x:

�

(.)

\

1
2
4
0

1z
1
2
4

STU�IES AT 25 mg/1

STUDIES AT 10 mg/1
ABS, mg/1

%

ABS, mg/1

%

REMOVED

ABS
REMOVED

25.0
21.4
22.0
21.3
16.0

0
3.6
3.0
3.7
9.0

0
14
12
15
36

18
19
21
20

0

25.0
21.5
19.7
19.7
16.7

0
3.5
5.8
5.8
8.3

0
14
23
23
33

0
2.2
2.3
3.1
3.8

0
22
23
31
38

25.0
17.8
15.5
15.5
11.6

0
7.2
9.5
9.5

0
24
38
38
54

0
2.5
2.4
2.7
3.1

0
25
24
27
31

25.0
17 .8
15.9
16.0
13.2

0

0
29
36
36
47

ABS
REMOVED REMAINING

REMAINING

REMOVED

10.0
9.2
8.3
7.6

8.4

0
0.8
1.6
1.7
2.4

0
8
16
17
24

10.0
8.2
8.1
7 .9
8.0

0
1.8
1.9
2.1
2.0

10.0
7.8
7.7
6.9
6.2
10.0
7.5
7.6
7.3
6.9

13.4

7.2
9.1
9.0
11.8

14
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A considerable increase in the iron content of the unclarified
samples was noted, as reported in Table IV.

Again no iron was detected

in the clarified samples.
2.

Studies at 25 mg/1.
The results of the ABS determinations are reported in Table V and

are plotted in Figure 9.

The COD and iron data are listed in Tables III

and IV, respectively.
The ABS removals that were obtained in the unclarified samples
were approximately 35 per cent at both electrodes, and in general, com
pared favorably with the reductions that were determined in the simplified
systems at the same initial ABS content.

The effect of clarification was

very significant, especially during the early part of the treatment, and
resulted in an average overall removal of approximately 50 per cent.
In addition, a comparison of the results of all the studies in the river
water systems showed that electrochemical degradation was more effective
at the higher concentration.

This was indicated by the per cent removals

in this system which were significantly greater than those noted at the
lower concentration.
The chemical oxygen demand studies on this system showed that the
COD was reduced by 17 and 44 per cent in the unclarified and clarified
samples.
Finally, an iron content of 7.1 mg/1 was noted in the unclarified
samples .

It was again considerably greater than the values measured in

the simplified systems.
C•

INFRARED STUDIES
These studies were undertaken to provide qualitative information

on the nature of the end products of the electrochemical reactions
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occurring during treatment.

Simplified systems were used and the spectra

obtained are shown in Figures 10 and 11.

The interpretration of these

spectra was based on information presented in the book, "The Infrared
Spectra of Complex Molecules" by Bellamy (52).

The results of this

interpretation are given in Tables VI through VIII.
A comparison of the spectrum obtained from a washed sludge sample
with that of the ABS composite sample (Figure 10 and Table VI) revealed
that the sludge was similar in nature to the ABS although the following
important differences existed.

There was considerable evidence (bands

between 835 and 1000 cm-1) that the 1:4 substituted aromatic ring was
probably altered or even partially removed, from the sludge.

This was

further substantiated by the distinct difference in the sulfonate band
(1070 - 1320 cm-1).

It should be noted however that another band

(1010 - 1060 cm-1), which is also indicative of 1:4 substituted
aromatics, was present in the sludge essentially unchanged.
Approximately the same findings were obtained when the spectrum
of an unwashed sludge sample was compared to the spectrum of the sample
collected at the beginning of the run (Figure 11 and Table VII).
the following observations were made:

Briefly

the sulfate ion was absent in the

sludge (band at 660 - 700 cm-1); the 1:4 substituted aromatic group was
again considerably altered or removed (bands between 750 and 1075 cm-1 );
the sulfonate group present in the ABS was almost completely absent from
the benzene ring in the sludge (band at 1130 - 1190 cm -1); and some
changes in the hydrocarbon chain had occurred (bands at 1465, 2800 2900 cm-1).
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TABLE VI

INTERPRETATION OF INFRARED SPECTRA

WASHED SLUDGE COMPARED TO ABS COMPOSITE SAMPLE
FREQUENCY CM

-l

-

Removal of Aromatic Ring
Alteration of 1:4 Substituted Aromatics
Removal of 1:4 Substituted Aromatics
Removal of 1:4 Substituted Aromatics
1:4 Substituted Aromatics Unaltered
Alteration and Reduction of Sulfonate Group
Removal of Aromatics and/or Alkyl Groups
Alteration of Unidentified Group

775
835
880
1000
1010 - 1060
1070
1320
1500 - 2100
3600
3700
750

OBSERVATIONS

-

TABLE VII

INTERPRETATION OF INFRARED SPECTRA

UNWASHED SLUDGE COMPARED TO SAMPLE AT ZERO TIME
l
FREQUENCY CM-

OBSERVATIONS

650 - 700
750 - 775
825 - 880
1010 - 1075
1130 - 1190
1465
2380
2800 - 2900
2940

Sulfate Ion Removed
Aromatic Ring Removed
Removal of 1:4 Substituted Aromatics
Alteration+ Reduction of 1:4 Substituted Aromatics
Nearly Complete Removal of Sulfonates
Reduction of Alkyl Groups
Removal of Unidentified Group
Alteration of Alkyl Groups
Alkyl Groups Unaltered

TABLE VIII
INTERPRETATION OF INFRARED SPECTRA

SAMPLE AT 4 HOURS COMPARED TO SAMPLE AT ZERO TIME

FREQUENCY CM-l
All bands

OBSERVATIONS
No Significant Alteration
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Finally, the extreme similarity between the 4 hour and initial
samples (Figure 11 and Table VIII) led to the belief that the same
organic materials were present in solution before and after treatment,
although the reduction in size of the peaks indicated that the con
centrations of these organics had been reduced.
D.

P<MER REQUIREMENTS
Table IX surrnnarizes the data on the power requirements of the

various systems.

The values in this t able are based on the potential

drop between the electrodes at the beginning of the runs.

Since the

conductivities of the simplified systems were found to increase during
the treatment, because of the addition of iron ions from the electrodes,
the values for these systems are somewhat conservative.

It was believed,

however, that the initial conductivity was a more realistic value as it
referred to the properties of the actual system, and was independent of
the secondary effects of the electrolysis.

TABLE IX
ELECTROCHEMICAL DEGRADATION OF ALKYL BENZENE SULFONATES
POWER REQUIREMENTS

SYSTEM

INITIAL
[NITIAL ABS CURRENT
POTENTIAL
mg/1
MILLIAMPERES VOLTS

SIMPLIFIED
RIVER
WATER

AVERAGE*
Mg ABS
REMOVED

TOTAL
DETENTION
TIME
HOURS

ENERGY
SUPPLIED
DURING
TREATMENT
WATTHOURS

POWER CONSUMED
WATTHOURS PER
mg ABS REMOVED

10

80

300

6.2

4

96

1.53

25

80

200

7.3

4

64

8.76

10

80

40

2.2

4

3

1.36

25

80

40

8.6

4

3

0.35

*Based on average concentration at the electrodes in clarified samples.
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V.

DISCUSSION OF RESULTS

Examination of the data presented in the preceding section will
show that electrochemical degradation can be employed to significantly
reduce the concentration of ABS in either distilled water solutions or in
natural surfa ce waters at a current density of 0.5 milliamperes per centi
meter square.

Comparable reductions in the COD of the systems were noted

to accompany the removal of ABS.

In the 10 mg/1 runs, the ABS reductions

at both electrodes were found to be considerabl y higher in the simplified
system than i n the river water system.

The reductions obtained in the

25 mg/1 runs, on the other hand, were approximately the same in the un
clarified samples taken from the cathode in both systems, while the anode
showed increased removals in the river water s ystem.
T he rate and degree of completion of the reactions were also
effected by the presence of ionic materials.

The reactions in the 10

mg/1 runs reached equilibrium at a much higher ABS concentration in the
river water system than in the simplified system, and were virtually
complete after one hour of treatment.

Approximately two hours were re

quired for the reactions to approach equilibrium in the simplified
system, as shown by the analyses of the clarified samples, but resulted
in greater removals.

In the runs made at 25 mg/1, noticeable reductions

in the ABS content were still being obtained a t the end of the 4 hours of
treatment, indicating that the reactions were not yet complete.
The COD removals obtained were found to closely parallel the ABS
reductions, although the COD values were consistantly h igher than would
have been expected on the basis of the ABS content.

The iron determinations

performed indicated that oxidation of the anode was taking place, releasing
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ferric ions to the water.

It is interesting to note that the resulting

iron concentrations in the river water systems were considerably higher
than those observed in the simplified system.
It is believed that three processes took place during the treat
ment of ABS by electrochemical means and were responsible for the results
obtained.

First, electrochemical oxidation of ABS occurred at the anode

and resulted in the formation of an insoluble organic matter.

Second,

electrophoresis of ABS ions caused a concentration of these ions in the
area of the anode and a depletion of the same at the cathode.

Finally,

adsorption of u�altered ABS on the sludge formed during the treatment
brought about additional reductions in the ABS content and the COD which
were noted upon clarification of the samples.
The formation of the insoluble material which was observed to
occur during treatment led to the belief that the ABS was being altered
in a way which rendered the molecule insoluble.

This material became

visible in the vicinity of the anode shortly after the treatment was
started.

As the runs progressed, its concentration increased and it

spread throughout the unit causing the water to become h ighly turbid.
Finally, after about two hours of treatment, sedimentation of the
precipitate began.

Investigations conducted on the resulting sludge by

means of infrared analysis indicated that at least a portion of the
sludge consisted of an organic substance which was similar in nature to
the ABS.

However, some differences were found.

There was considerable

evidence that the sulfonate group was being released from the ABS mole
cule.

This was supported by indications in the spectra of alteration in

the para substitution of the benzene ring and reduction of the sulfonate
group concentration.

Since the hydrophilic sulfonate group is responsible
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for the solubility of the ABS, its removal from the ABS molecule could
easily explain the formation of the sludge.

It should be mentioned that

Buescher and Ryckman (14) have found that oxidation of ABS resulted in
the oxidation of the sulfonate radical to inorganic sulfates which were
released into the system.
Since electrolyt�c oxidation could only occur at the anode, the
electrophoretic migration of the ABS ions to that electr ode was necessary
in order for the treatment to be maintained at a significant rate in a
quiescent unit of the type used in these studies.

Otherwise, although

normal ion movement would have furnished a few ions to the anode, the
rate of reactions would have been very slow, and the resulting ABS re
moval almost negligible.

The reductions in the ABS content obtained at

the cathode, especially in the unclarified samples, were primarily due to
electrostatic repulsion of the ABS ions from the inunediate area of the
electrode, in view of the fact that the anionic nature of ABS eliminated
the possibility of cathodic reduction.
The effect of electrophoresis was more pronounced in the simplified
systems because of the higher electric potentials resulting from the low
conductivity of the systems.

It is believed that the increase in the

concentration of ABS which was noted in the unclarified samples collected
at the anode during the 25 mg /1 simplified system runs was due entirely
to electrostatic effects.

Although the 10 mg/1 runs did not show an in

crease in the ABS content above the initial val ue, the similarity of the
shape of the ABS concentration curves for the unclarified samples in both
the 25 and 10 mg/1 systems pointed out that electrophoresis was a major
factor in both cases.
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Additional reductions in both the ABS concentration and COD were
obtained as a result of clarification in most of the samples analyzed.
These reductions were attributed to adsorption of ABS on the insoluble
material formed during treatment.

According to a report by the Task

Group of the American Water Works Association (5) , the hydrocarbon chain
at the end of the ABS molecule is extremely hydrophobic and strongly re
pulsed by the water, and in the presence of suspended matter it will
attach itself to this material.

Removal of the suspended material will

therefore result in a reduction in the ABS concentration.

The use of

adsorbing agents as a possible means of removing ABS from water has been
investigated by Vaughn and his co-workers (15).
Considerable evidence was obtained from these studies indicating
that adsorption of the ABS on the sludge was occurring, and that it was
responsible for the removals obtained by clarification.

The noticeable

foaming which was observed in the effluent during the washing of the
sludge pointed out that significant amounts of ABS were being removed in
the washing process.

Also, the infrared spectra of both the washed and

unwashed sludges showed that some sulfonate was present in both.

This

was an indication that unaltered ABS was adsorbed in the sludge and was
not completely removed by washing.
In all systems studied, the ABS removals which were determined in
the unclarified samples taken at the cathode were higher than those found
in the samples collected at the anode.

Upon clarification, however, this

trend was completely reversed in all the runs except one.

This effect can

be easily explained when the mechanics of the formation of the sludge are
considered.

Since the sludge was formed at the anode, it is logical to
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expect that the majority of the adsorption effects would take place in
that area.

The only exception found was noted in the simplified system

studies at 25 mg/1 ABS where intensive electrophoresis, induced by the
high electric potential and the large ABS content helped maintain a higher
ABS concentration at the anode.

If the maximum ABS concentration of 26.6

mg/1 which was measured at the anode in this run following approximately
one-half hour

of treatment is considered, rather than the initial, the

effect of adsorption is seen to be in good agreement with that obtained
in the river water systems at the same concentration.
Secondary reactions occurring in the treatment unit during the
river water runs were found to exert considerable influence on the ABS
removals obtained by adsorption.

Corrosion of the anode resulted in the

release of ferrous ions into the solution.

These cations were oxidized

with dissolved oxygen in the presence of the bicarbonate ions of the river
water to form ferric oxide (53, p. 117).

Since ferric oxide sols are

known to be electropositive (54, p. 1239), the ABS ions would tend to
attach themselves to the colloidal particles, and therefore be removed by
clarification.

Also, the positive charge of the ferric sol induced its

movement toward the cathode.

These reactions were therefore thought to

be responsible for the increased removals obtained upon clarification at
the cathode and for the improved effectiveness of clarification in the
river water runs.

The relatively high iron content measured in the river

water systems at the end of the treatment period tends to further sub
stantiate the occurrence of the secondary reactions in the river water
systems.

On the other hand, the fact that a small concentration

of iron

was found in the simplified systems indicated that similar reactions were
also taking place in this system, although to a less significant extent.
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Finally, it should be noted that although in the simplified
systems the per cent removals decreased in the 25 mg/1 runs, as compared
to those at 10 mg/1, the amount of ABS removed from solution increased.
This indicated that even under a constant current density, more ABS was
b eing removed at the higher concentration and was as would be expected on
the basis of the law of mass action.

The same effect was also found

true in the case of the river water systems where at the higher ABS
concentrations not only a larger amount of ABS was removed but also a
greater per cent reduction was obtained.

The low removals determined in

the 10 mg/1 river water system were attributed to power utilization by
side reactions occurring as the result of the presence of dissolved
minerals.

This effect was, however, overcome in the 25 mg/1 system where

the higher concentration of ABS pushed the reactions to higher ABS
removals.
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VI.

CONCLUSIONS

On the basis of the findings of these investigations the following
may be concluded:
1.

Electrochemical degradation significantly reduced the concentration

of alkyl benzene sulfonates in both simplified and river water systems
when direct current was used and a current density of 0.5 milliamperes
per centimeter square was applied.
2.

The ABS content decreased at both electrodes, with the greatest re

ductions resulting in the clarified samples collected from the anode in
the simplified system studies.

After 4 hours o f treatment the removals

obtained ranged from 20 to 88 per cent.
3.

Electrochemical degradation also effected a considerable reduction in

the chemical oxygen demand of the various systems investigated.

It may

be noted that the COD is a direct parameter for the determination of the
organic matter present.
4.

Clarification of the samples resulted in additional ABS and COD re

movals, but its effect tended to decrease with increased detention time.
5.

Electrochemical corrosion of the anode to ferric oxide was noted and

had a decisive effect on the treatment processes, especially in the river
water systems.
6.

Dissolved minerals exerted considerable influence on the treatment

processes and caused noticeable changes in the removals obtained at both
concentrations studied.

Also, the ABS concentration was found to affect

the rates of the treatment reactions with more ABS being removed at the
higher concentration.
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7.

It is proposed that electrochemical oxidation, electrophoresis, and

adsorption were instrumental in the electrochemical degradation of alkyl
benzene sulfonates.

Electrochemical oxidation of the sulfonate group in

the benzene ring resulted in the precipitation of the modified ABS mole
cule.

Electrophoresis of the ABS ions caused their removal from the

area of the cathode and their migration to the anode.

Adsorption of the

ABS on the sludge formed during the treatment effected additional ABS and
COD removals upon clarification.
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APPENDIX A
PROCEDURE FOR THE DETERMINATION OF ALKYL BENZENE SULFONATES
Alkyl benzene sulfonate determinations were performed according
to the Degens modification of the methylene blue method.

The complete

procedure, as presented by Degens, et al (10)* in their a rticle on
"Anionic Syndents in Amsterdam Sewage" under the title of "Routine Method
for Determination of Sulfate and Sulfonate Anion-Active Synthetic
Detergents in Sewag�' is quoted below:
"The total anionic active material (sulfate+ sulfonate) is
determined by extraction of the methylene blue-detergent complex by
means of chloroform and photoelectric estimation of the color intensity
of the chloroform layer.

The same procedure is repeated after acid

hydrolysis, which yields the colorimetric value for sulfonate present.
Conditions of extraction must be adjusted so that possible inter
fering compounds (for example, nitrates, thiocuanates, and salts of
steroid hydrogen sulfates) are not simultaneously extracted as methylene
blue derivatives by the chloroform.

Cation-active synthetic detergents

interfere in this method.
1.

Apparatus
1.1

Photoelectric colorimeter.

A sensitive photoelectric color

imeter equipped with a monochromatic light source, either a .lamp
with color filter or a monochromator capable of producing a light
of narrow spectral range which is predominately orange (600 mp)
1.2

Separatory funnels, 250 ml.

1.3

Erlenmeyer flasks, SO ml.

*In Sewage and Industrial Wastes, Vol. 25, p. 20 (1953).
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2.

Reagents
2.1

Chloroform, c. p.

2.2

Methylene-blue solution, 0.035 per cent by weight of

methylene blue B. P. or U. S. P. grade in 0.01 normal sulfuric
acid
2.3

Silver sulfate solution, 0.4 per cent by weight of silver

sulfate, c. p. in distilled water

3.

2.4

Sulfuric acid 96 per cent

2.5

Sulfuric acid, 5 N

2.6

Sodium hydroxide, c. p., in pellets

2.7

Hydrogen peroxide, 30 per cent by weight

Procedure
Standardization
3.0

Prepare a master solution of a standard sample of an

anion-active synthetic detergent (M. W. about 300) and
analyze aliquots of this solution by the procedure described
in 3.1.

Make u p a calibration curve.

Compare the results

of the analysis of unknown samples with the data obtained
on the standard sample.

TOTAL CONTENT OF ANION-ACTIVE SYNTHETIC DETERGENTS
3.1

Pipet 10 ml. of the sample into a 250 ml. separating funnel.

add 1 ml. sulfuric acid (5 N), 100 ml. distilled water, 5 ml. of
the methylene-blue solution, and 10 ml. of chloroform (Note:

if

the sample contains thiocyanates greater than 5 ppm as CNS and
chlorides greater than 300 ppm as Cl, the thiocyanates should
first be oxidized.

After acidifying the 10 ml. sample with 1 ml.
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5 N sulfuric acid add 1 ml hydrogen peroxide and l et stand at
room temperature for 10 to 15 m inutes and then dilute with water).
3.2

Shake gently for 1 minute.

Allow to stand for some minutes.

If necessary, stir the chloroform layer with an iron wire to
break the emulsion, then separate the chloroform layer through
cotton wool into a 50 ml. standard flask.

Repeat this extraction

twice and after the third extraction make up to volume by adding
chloroform through the cotton wool.

Place the colored chloroform

solution in the photometer cell and determine the instrument
reading. Compare this reading with the calibration curve to
determine the amount of extracted detergents (in ppm).

Make a

blank determination according to the above procedure.

CONTENT OF SULFONATE ANIONIC DETERGENTS
3.3

Pipet another 10 ml. of the sample into a 50 ml. Erlenmeyer

flask.
1 hour.

Add 1 ml. of concentrated sulfuric acid and reflux for
Add 1 drop of phenophthalein solution, neutralize with

NaOH pellets (about 10 to 12 pellets) to the phenol end point,
and then acidify with 5 N sulfuric acid until acidity has just
been reached.

Cool and proceed as described under 3.1 and 3.2

CONTENT OF SULFATE ANIONIC DETERGENTS
3.4

This content is found by determining the difference between

the total detergent content and the sulfonate detergent content

REPEATABILITY
3.5

Duplicate analysis may not differ by more than 0.5 ppm"
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APPENDIX B
RECOMMENDATIONS FOR FUTURE RESEARCH
The research investigations conducted for this thesis have shown
that electrochemical degradation is effective in removing alkyl benzene
sulfonates from water.

On the basis o f these preliminary investigations,

the method is considered very promising.

It is believed however, that

additional research is necessary before the effect of all the variables
can be determined.
The author feels that investigations should be undertaken to evalu
te the applicability of the process to sewage treatment.

If organic con

taminants of the type found in domestic sewage do not seriously effect the
efficiency of the electrochemical treatment, considerable advantages could
be obtained by removing the detergents before they enter natural bodies of
water.

In addition, the effect of electrochemical degradation on the

other organic refractory materials found in sewage should be determined.
All the studies conducted in this work were performed using iron
electrodes.

Additional information o f value could be obtained from investi

gations using other materials.

The use of inert electrodes might allow a

better understanding of the reactions occurring, while the use of other
active materials could result in a more efficient utilization of power.
Studi es to determine the optimum pH for this treatment process
should be conducted.

Although in many cases the use of pH control could

increase operational expenses, in treatment plants where pH adjustment
is used

for other purposes, these data would be of great value in determining

the proper placement of the electrolytic process.
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